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The Smcp mRNA encoding the sperm mitochondria-associated cysteine-rich protein is translationally repressed in round spermatids and
translationally active in elongated spermatids. The patterns of transcription and translation of fusions of the Smcp promoter, the green fluorescent
protein coding region (Gfp) and various combination of the Smcp and Gfp 5′ UTR and 3′ UTR have been studied in transgenic mice. 518 nt of
Smcp 5′ flanking region and 8 nt of 5′ UTR drive transcription of mRNAs containing the Gfp coding region in early round spermatids at the same
transcription start site as the natural Smcp gene. Transcripts containing both the Gfp 5′ and 3′ UTRs are translationally active in step 2 spermatids
as detected by GFP fluorescence in squashes of living seminiferous tubules from adult testes, and the presence of polysomal mRNAs in sucrose
gradient analyses of testes from 21-day-old prepubertal mice, which contain early round spermatids and lack elongated spermatids. By
comparison, expression of GFP is delayed until steps 5 and 10, respectively, in transcripts containing the Smcp 5′ UTR and Gfp 3′ UTR and the
Gfp 5′ UTR and the Smcp 3′ UTR. Sucrose gradient analysis of 21-day-old testes demonstrates that transcripts containing the Smcp 3′ UTR
exhibit a bimodal distribution in free-mRNPs and polysomes, indicating that the 3′ UTR blocks the expression of GFP after the transcripts have
entered the elongation phase, a mechanism that may involve microRNAs. The Smcp 5′ UTR reduces the levels and size of polysomes in adult
testis. In addition, the natural Smcp mRNA contains a positive control element that counteracts the inhibition of translation by the Smcp 5′ UTR in
adult testis, and the Smcp 3′ UTR strongly localizes GFP fluorescence in step 10 spermatids.
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translational repressionIntroduction
Translational regulation plays an unusually important role in
gene expression in spermatogenesis. Sucrose gradient analysis
reveals that every mRNA species in mammalian meiotic and
haploid spermatogenic cells is at least partially stored in
translationally inactive free-mRNPs, indicative of a global
mechanism of translational repression (Kleene, 1996; Cataldo et
al., 1999). In addition, mRNA-specific mechanisms are
implicated by the observations that the proportions of individual
mRNA species in free-mRNPs vary from ∼25% to ∼100% and⁎ Corresponding author. Fax: +1 617 287 6650.
E-mail address: kenneth.kleene@umb.edu (K.C. Kleene).
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doi:10.1016/j.ydbio.2006.04.468that many mRNA species, notably the protamine 1 (Prm1) and
the sperm mitochondria-associated cysteine-rich protein (Smcp)
mRNAs, are stored in free-mRNPs in early haploid cells (round
spermatids) and translated in transcriptionally inactive late
haploid cells (elongated spermatids).
Despite the importance of translation in regulating the
expression of individual mRNA species in mammalian sper-
matogenic cells, little is known about the underlying mechan-
isms (reviewed in Kleene, 2003). In fact, only a few examples of
positive and negative controls over the translation of specific
mRNAs have been rigorously demonstrated by in vivo genetic
approaches, a prerequisite in view of numerous examples of
spermatogenic-cell-specific expression of constituents of the
translational apparatus (Kleene, 2003). For example, gene
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binding protein (CPEB) mediates poly(A) lengthening and
translational activation of mRNAs encoding synaptonemal
complex proteins in pachyene spermatocytes and a spermato-
genic cell-specific, cytoplasmic poly(A) polymerase mediates
poly(A) lengthening and activates translation of several mRNAs
in round spermatids (Tay and Richter, 2001; Kashiwabara et al.,
2002). The Prm1 mRNA is repressed in round spermatids by a
conserved element in the 3′ UTR, and the protamine RNA
binding protein activates Prm1 translation in elongated
spermatids (Zhong et al., 1999, 2001). Further studies of
translational control are warranted because translation is
important in regulating gene expression in spermatogenic cells
and because the atypical selective pressures on gene expression
in spermatogenesis, sexual selection and the resulting genetic
conflicts (Kleene, 2005) are likely to produce mechanisms that
are unique to spermatogenic cells, such as the spermatogenic-
cell-specific poly(A) polymerase (Kashiwabara et al., 2002).
The present study uses transgenic mice to analyze the control
of translation of the Smcp mRNA. SMCP is associated with the
sperm mitochondrial capsule, an SDS- and sonication-resistant
structure in the outer membranes of sperm mitochondria, and
functions in sperm motility (Pallini et al., 1979; Cataldo et al.,
1996; Nayernia et al., 2002). The Smcp mRNAwas selected for
studies of translational control for several reasons: first, the
evidence that the Smcp mRNA undergoes dramatic develop-
mental changes in translational activity is particularly strong.
High levels of the SmcpmRNA are present in spermatids in steps
3–16, but the protein is first detected by immunocytochemistry in
step 11, about 6 days after the mRNA (Shih and Kleene, 1992;
Cataldo et al., 1996). Sucrose gradient analysis suggests that the
lag in appearance of the SMCP protein is regulated at the level of
translational initiation: the Smcp mRNA is primarily stored in
free-mRNPs in round spermatids but exhibits a bimodal
distribution in adult testis with ∼65% of the mRNA in free-
mRNPs and ∼35% of the mRNA in polysomes containing 3–4
ribosomes (Kleene, 1989; Cataldo et al., 1999). Second,
comparison of the sequences of the SmcpmRNA in nine species
in four orders of mammals reveals that the 5′ UTR and 3′ UTR
contain up to seven highly conserved elements including two
upstream reading frames (uORFs) which likely function in
cytoplasmic regulation of gene expression (Hawthorne et al.,Table 1
PCR primers and conditions
Primers a Target b
F GAATCAAGTATGGAAATGCGTGAACT Smcp, 513 nt
R TATTTGTTTGACTTCTTCTGGTTCC
F TGAACCGCATCGAGCTGAAGGG Gfp, 307 nt
R TCCAGCAGGACCATGTGATCGC
F GAGTCCTTTGATCGTGACAAAAC Luc, 512 nt
R CTCGGGTGTAATCAGAATAGCTG
F ATGGGTCAGAAGGACTCCTATGTG β-Act, 413 nt
R TTCATGAGGTAGTCTGTCAGGTCCC
a The sequences of the forward (F) and reverse (R) primers are indicated.
b The target mRNA or DNA and the size of the amplicon.
c The PCR conditions include the concentration of primers and MgCl2, and the d2006). Third, Smcp is not a member of the protamine-transition
protein gene family: hence, studies of the SmcpmRNAwill likely
provide insights into mechanisms that are not operational in the
much better studied Prm1 mRNA. Our results reveal unexpect-
edly that the Smcp mRNA is regulated by several mechanisms
including negative and positive controls of the levels of free-
mRNPs and polysome size and post-initiation repression.
Materials and methods
Creation and maintenance of transgenic mice
The mouse Smcp gene was isolated in two bacteriophage DNAs, one
containing the 5′ flanking region, 169 nt of 5′ UTR and the 5′ end of the single
intron, and the other containing the 3′ end of the intron, 20 nt of 5′ UTR, the
complete coding region and 3′ flanking sequence (Karimpour et al., 1992). A
recombinant DNA containing the 5′ flanking region, the 5′ UTR without the
intron, coding region and 3′ UTR was created by ligating an EcoRI and NcoI
fragment of Smcp 5′ flanking and exon I DNA into the same sites of a plasmid
containing the Smcp cDNA to produce a plasmid, pVA1. Three constructs were
generated using PCR amplification with Pfu Turbo Hotstart DNA polymerase
(Stratagene) and the primers below to insert novel restriction enzyme sites. 518
nt of Smcp 5′ flanking sequence and 8 nt of Smcp 5′ UTR were amplified with
primers GAGCTCGAGTCTGAGCTCTTCTCACACATC (FOR) and
CAGAATTCTTCTGACCCAAGTGCTCTG (REV) to introduce XhoI and
EcoRI sites. The PCR product was digested with XhoI and EcoRI and inserted
into the same sites of the pEGFP-1 polylinker (Clontech). A second transgene
containing the Smcp 3′ UTR, G5G5S3, was constructed by replacing the Gfp 3′
UTR in the first construct with 685 nt of 3′ UTR and 3′ flanking sequence
amplified from Smcp genomic DNA using primers GTCAAACATCTA-
GACTGTCCCTGACAC (FOR) and GCTGCTTAAGCAT-GATAGGTCCC
(REV) to introduce XbaI and AflII sites. The third construct, S5G5G3, was
constructed by amplification of the Smcp 5′ flanking region and 5′UTR in pVA1
wi th TCAGGCTCGAGTCTGAGCTCTTCTCACA (FOR) and
TCACCGGTCTTCTTTAGAGTTGGAGTTCCTG (REV), digestion with
XhoI and AgeI and insertion into the same sites of pEGFP. The sequences
were verified on both strands, XhoI–Afl II fragments were purified by agarose
gel electrophoresis, extraction with a NucleoTrap kit (Clontech), filtration
through a 0.45 μm Centrex filter (Schleicher and Schuell) and adjusted to 1–
2 ng/μl in 5 mM Tris–HCl (pH 7.4), 0.1 mM EDTA. The structures of the
transgenes are described in the Results section.
One-cell C57BL/6×SJL F2 embryos were microinjected and implanted into
pseudopregnant females at the University of Massachusetts Medical Center
Transgenic Core Facility. To identify transgenic mice, 1 cm from the end of the
tail was excised, minced, digested with proteinase K and extracted with phenol:
chloroform (Hogan et al., 1986). The presence or absence of the transgene was
assayed by PCR as described in Table 1, and founders were bred to C57BL/
6×SJL F2 mice of the opposite sex to establish lines. The mice were maintainedPCR conditions c
30 pmol, 1.5 mM MgCl2, 94°C 1 min, 55°C 1 min, 74°C 2 min
30 pmol, 1.9 mM MgCl2, 94°C 1 min, 61°C 45 s, 72°C 1 min
20 pmol, 1.5 mM MgCl2, 94°C 1 min, 57°C 45 s, 72°C 1 min
30 pmol, 1.5 mM MgCl2, 94°C 1 min, 59°C 30 s, 72°C 1 min
enaturation, annealing and extension temperatures.
120 S.K. Hawthorne et al. / Developmental Biology 297 (2006) 118–126on a 14 h light–10 h dark cycle in accordance with UMass Boston IACUC
guidelines.
Patterns of expression of transgenes
The patterns of accumulation of the Smcp–Gfp mRNAs were analyzed by
northern blots of total cellular RNA extracted from testes of prepubertal and
adult mice and a variety of adult tissues by the Trizol Reagent (Invitrogen).
Tissue and sucrose gradient RNAs for RT-PCR were digested with RQ1 DNase I
(Promega Biotec) to eliminate DNA. The northern blots were hybridized
sequentially to random-primer-labeled probes for the Gfp coding region, the
Smcp coding region and mouse 18S ribosomal RNA. In other experiments, the
levels of Smcp–GfpmRNAs were determined by RT-PCR using primers listed in
Table 1.
Analysis of transcription start sites by primer extension
The start sites of the Smcp gene and transgenes were determined by primer
extension using the oligonucleotides shown in Fig. S2A. The primers were
labeled with T4 polynucleotide kinase and γ-[32P]-ATP and purified on
Sephadex G10. 105 cpm of the labeled oligonucleotide and 10 μg total adult
testis RNAwere heated at 70°C for 10 min in 31 μl H2O and chilled on ice for
2 min. Ten microliters of 5× first strand synthesis buffer (Invitrogen), 2.5 μl
100 mM DTT and 5 μl 10 mM dNTP were added, and the primer was annealed
for 30 min at∼5°C below the Tm (55–60°C). The reactions were incubated with
30 U Thermoscript reverse transcriptase (Invitrogen) at the annealing
temperature for an additional 30 min followed by incubation at 65°C for
30 min. The reactions were extracted with phenol, precipitated with ethanol,
washed with 75% ethanol, dissolved in 5 μl sequencing stop dye and heated at
70°C for 2 min before loading on sequencing gels.
The sizes of the extension products were determined by electrophoresis on
6–8% 30:2 polyacrylamide:bis-acrylamide gels containing 8 M urea and
autoradiography, and calibration with a sequencing ladder generated with the
fmol DNA sequencing kit (Promega Biotec) using the same [32P]-labeled oligo
and the corresponding plasmid.
Developmental analysis of GFP fluorescence
The stage of expression of the GFP fluorescence was analyzed in living
spermatogenic cells (Reddi et al., 1999; Kotaja et al., 2004). When visualized by
transmitted light with a dissecting microscope, the central cores of seminiferous
tubules display four patterns of absorption, each containing several stages of the
seminiferous epithelium. The spermatids were then staged precisely in one-cell-
layer-thick squashes of 0.5 mm tubule segments and visualization with
differential interference contrast (DIC) microscopy at 1000× using an Olympus
BX60 microscope equipped with a monochrome DAGE-MTI cooled CCD
camera and Scion image processing software. GFP fluorescence was detected by
excitation at 488 nm and visualization at 519 nm.
Sucrose gradient analysis
In initial experiments, cytoplasmic extracts of testes were prepared and
sedimented in the Beckman SW40 rotor for 150 min at 28,000 rpm (Cataldo et
al., 1999). In later experiments, the testes were homogenized in 300 μl HNM
buffer (20 mM HEPES, pH 7.4, 0.1 M NaCl, 3 mM MgCl2) containing 0.5%
TritonX100, the nuclei were pelleted by centrifugation at 13,000×g for 2 min
and 250 μl of the supernatant was layered on a 4.0 ml linear 15–40% sucrose
gradient (w/w) prepared in HNM buffer. In some experiments, 20 μl of 0.2 M
EDTA (pH 7.4) was added to 230 μl of the cytoplasmic fraction before layering
on the gradient. The gradients were centrifuged in the SW60 rotor in a Beckman
L8-M ultracentrifuge for 80 min at 35,000 rpm at 4°C, pumped through a flow
cell at 4°C to monitor the absorbance at 254 nm and 0.5-ml fractions were
collected onto 0.3 g guanidine thiocyanate. The guanidine thiocyanate was
dissolved, and each fraction was spiked with 2 μl Pellet Paint (Novagen),
extracted with phenol:chloroform and precipitated by addition of 5 M NaCl and
isopropanol. Pellet Paint, a co-precipitant, forms highly visible pink pellets,
which greatly facilitates the recovery of small pellets. The pellets in theultracentrifuge tubes were dissolved in 3.5 M guanidine thiocyanate in HNM
buffer and extracted as above. After centrifugation, the pellets were dissolved in
200 μl HNM buffer containing 0.5% SDS, digested with proteinase K (100 μg/
ml, 50°C, 1 h), extracted with phenol:chloroform and precipitated with
isopropanol and 0.5 M NaCl. The pellets were washed with 75% ethanol,
dried and dissolved in DEPC-treated H2O or formaldehyde, deionized
formamide, phosphate buffer, depending on whether the gradient was to be
analyzed by semiquantitative RT-PCR or northern blots of formaldehyde–
agarose gels (Kleene, 1993).
Since the levels of Smcp and Gfp–Smcp mRNAs in the testes of a single 21-
day-old prepubertal mouse are uncomfortably close to the minimum levels that
can be detected by northern blots, we developed a semiquantitative RT-PCR
procedure in which each gradient fraction is spiked with Pellet Paint and 200 pg
luciferase mRNA as an internal control for RNA recovery and efficiency of RT-
PCR detection. RNA from each fraction was copied with Superscript II reverse
transcriptase (Invitrogen): 2.5 pmol of the Gfp, Smcp and Luc reverse primers
listed in Table 1, 2–5 μl of RNA from each gradient fraction and 10.5 μl DEPC-
treated H2O were incubated at 70°C for 5 min, chilled on ice and 5 μl 5× first
strand buffer (Invitrogen Y00146) and 2.5 μl 0.1 M DTTwere added, incubated
at 42°C for 2 min. 100 units of Superscript II reverse transcriptase was added,
and the reactions were incubated at 42°C for 60 min. The final reaction (25 μl)
contained 50 mM Tris–HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM DTT
and 0.4 mM each dNTP. RT reactions were terminated by incubation at 70°C for
10 min, 2–5 μl of the reactions was PCR-amplified as described in Table 1, and
5 μl of the reactions was analyzed by agarose gel electrophoresis and staining
with ethidium bromide. In some experiments, the PCR reactions were
precipitated with ethanol, and the gels were stained with Sybr Gold (Molecular
Probes).Results
To determine whether the sequences that repress translation
of the Smcp mRNA in early round spermatids are in the 5′ UTR
or the 3′ UTR, three transgenes were created containing 518 nt
of Smcp 5′ flanking, the Gfp coding region (720 nt) and three
combinations of the 5′ and 3′ UTRs derived from Smcp and
pEGFP-1: (1) G5GCG3: 8 nt of Smcp 5′ UTR, 50 nt of Gfp 5′
UTR, the Gfp coding region, 167 nt Gfp 3′ UTR and 74 nt of
Gfp 3′ flanking; (2) G5GCS3: 8 nt of Smcp 5′ UTR, 50 nt of Gfp
5′ UTR, Gfp coding region, 14 nt of Gfp 3′ UTR, the Smcp stop
codon and complete Smcp 3′ UTR (236 nt) and 322 nt of Smcp
3′ flanking sequence; (3) S5GCG3: the complete Smcp 5′ UTR
(189 nt), 13 nt of Gfp 5′UTR, theGfp coding region, 167 ntGfp
3′ UTR and 74 nt of Gfp 3′ flanking. The 8 nt of Smcp 5′ UTR
was included in the G5GCG3 and G5GCS3 transgenes because
the natural Smcp gene strongly prefers a single transcription
start site, even though it lacks elements that usually specify a
single start site, a TATA-box or an Inr (Karimpour et al., 1992,
Lo and Smale, 1996). Thus, the start site might be determined
by a novel Inr. We created and analyzed, respectively, a single
line carrying the G5GCG3 transgene, eight and four lines
carrying the G5GCS3 transgene, and eleven and four lines
carrying the S5GCG3 transgene.
Patterns of expression and transcription start sites of
Gfp–Smcp mRNAs
A promoter that directs transcription in round spermatids is a
prerequisite for studies of Gfp–Smcp mRNA translation.
Northern blots show that all three transgenes express high
levels of transcripts in adult testis, and transcripts were
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Rehybridization to probes for the Smcp and 18S ribosomal
RNAs indicates that the Smcp mRNA is only expressed in testis
and that similar amounts of RNA were loaded in each lane.
The stage of expression of the Smcp–Gfp transgenes in
prepubertal and adult testes was analyzed by RT-PCR. Figs.
S1B–D show that bands of the expected size were detected in
adult testis but were not detected in the testes of 16-day-old
mice, which contain spermatogonia and meiotic cells through
pachytene spermatocytes, but no haploid spermatids (Bellvé et
al., 1977). RT-PCR amplification of β-actin mRNA confirms
that each sample contains similar amounts of RNA. RT-PCR
and northern blots of sucrose gradients show that transcripts of
all three transgenes are expressed in 21-day mice (Figs. 2 and
3), an age when the most advanced cells observed with DIC
microscopy are early step 4 spermatids (not shown).
The transcription start sites were also determined by primer
extension. The results depicted in Figs. S2B–D show that
G5GCS3 and S5GCG3 transgenes specify the same start site as
the natural Smcp gene, actually two consecutive nucleotides in
light exposures, that was previously identified as the major start
site (Karimpour et al., 1992). The G5GCG3 transgene also uses
this start site (not shown). Collectively, these findings establish
that the promoters of the transgenes preserve the spermatid-
specific expression and start site of the natural Smcp gene.
The conserved features of the Smcp 5′ UTR, shown in Fig.
S2A, include two uORFs in a strong context for the initiation of
translation, an ∼15 nt sequence at positions 7–22 and a 5 nt
element immediately upstream of the Smcp start codon
(Hawthorne et al., 2006).
Stage of expression of GFP fluorescence
The developmental expression of GFP was analyzed using
fluorescence and DIC microscopy in squashes of living adult
seminiferous tubules. The developmental cycle of the seminif-
erous tubules is divided into 12 stages which are designated by
Roman numerals, and each stage contains one or two steps of
spermatids which are designated by Arabic numerals (Russell et
al., 1990; Kotaja et al., 2004). The steps of spermatids are
identified from the morphology of the acrosome, nucleus and
mitochondrial sheath and cell associations.
The patterns of expression of GFP fluorescence of the three
transgenes exhibited several similarities. GFP fluorescence was
undetectable in testicular cells of non-transgenic mice, sper-
matogonia and Sertoli cells (not shown). GFP fluorescence was
also not observed in pachytene spermatocytes (Fig. 1, AII and
BIII). However, GFP fluorescence was always observed in
elongated spermatids, steps 12–15 (Fig. 1, AII, AIV; BIII, BIV,
BVIII, CIII, CVII, CVIII–IX), and residual bodies, the
cytoplasmic fragments of step 16 spermatids (BVIII).
The developmental step at which GFP fluorescence is first
detected differed with each transgene. GFP was detected in step
2 spermatids in the G5GCG3 line (Fig. 1AII) one step earlier
than the Smcp mRNA is detected by in situ hybridization (Shih
and Kleene, 1992), probably owing to a greater signal-to-noise
ratio. Fluorescence is first detectable in step 10 spermatids ofthe G5GCS3 lines (CVIII–IX and CX) and step 5 spermatids of
the S5GCG3 lines (BIV and V). The absence of fluorescence in
earlier spermatids does not appear to be due to low levels of
expression of the transgenes because we were unable to detect
GFP fluorescence using the maximum sensitivity by integrating
the maximum number of frames. The possibility that GFP
expression is limited to a small proportion of cells in early
spermatids is unlikely because no fluorescent cells were
observed in examination of many tubule segments.
We also observed that GFP fluorescence is first detectable as
an intense spot in step 10 spermatids in G5GCS3 mice (Fig.
3CX), but in step 11 spermatids, fluorescence is present
throughout the cytoplasm, although it is especially intense
over the nucleus (Fig. 3CXI). Localized fluorescence was not
observed in the G5GCG3 and S5GCG3 lines.
Sucrose gradient analysis of Smcp–Gfp mRNA translation with
northern blots
The distribution of Smcp–Gfp mRNAs in sucrose gradients
was studied to clarify the stage of the translation cycle that is
regulated. In these experiments, different ultracentrifuge
conditions with the SW60 and SW40 rotors were used, and
an absorbance tracing was obtained for each gradient. In
addition, the proportions of polysomal mRNA in each gradient
from adult testes were quantified with a phosphorimager,
combining mRNAs that sediment in the polysomal region and
the pellets, because the levels of mRNAs in the pellet correlate
positively with the levels of polysomal mRNA (Cataldo et al.,
1999).
The absorbance tracings for 21-day testes, in which the most
advanced cells are early step 4 spermatids, sedimented in the
SW60 rotor shown in Fig. 2A closely resemble tracings for
adult testes in the SW40 rotor that have been published
previously, by virtue of a prominent peak of absorbance of
monosomes and peaks of polysomes with a maximum
absorbance in 5–8 ribosomes/polysome (Kleene, 1993; Cataldo
et al., 1999). EDTA eliminates the peaks sedimenting faster than
the 60S subunit (Fig. 2B), indicating that the monosomes and
polysomes have been dissociated.
Most of the Smcp mRNA in extracts of 21-day testes
sediments in fractions 2 and 3 in the SW40 rotor, which contain
free-mRNPs and monosomes (Fig. 2C), implying that the Smcp
mRNA in early round spermatids is repressed in free-mRNPs,
possibly in conjunction with monosomes produced by uORFs
(Hill and Morris, 1992; Child et al., 1999). In contrast (Fig. 2D),
the SmcpmRNA in adult testis is bimodally distributed between
free-mRNPs (fraction 2) and polysomes containing 3–4
ribosomes (fraction 6). The proportion of Smcp mRNA
associated with polysomes and the pellet in adult testis,
34.4 ± 6.4% (mean and standard deviation, N = 6), agrees
with levels reported by Cataldo et al. (1999).
Fig. 2E shows that the G5GCG3 mRNA in 21-day testes is
distributed bimodally between free-mRNPs (fraction 2) and
polysomes (fractions 6 and 7). The faint peak of polysomal
G5GCG3 mRNA is in polysomes with 5–6 ribosomes. The sizes
of the Gfp–Smcp and Smcp polysomes correspond to the lengths
Fig. 1. Stage of expression of GFP fluorescence. Squashes of short segments of seminiferous tubules were examined by fluorescence and DIC microscopy to identify the stages of spermatogenic cells that express GFP.
The stages of seminiferous tubules are indicated by Roman numerals above each pair of photographs, and representative cells are indicated by arrows and diamonds. (A) G5GCG3 transgene. Stage II: thin arrow, step 2
spermatid; thick arrow, step 14 spermatid; diamond, pachytene spermatocyte. Stage IV: thick arrow, early step 15 spermatid. Stage VIII: thin arrow, step 8 spermatid. (B) S5GCG3 transgene. Stage III: thin arrow, step 3
spermatid; thick arrow, step 14 spermatid; diamond, pachytene spermatocyte. Stage IV: thin arrow, step 4 spermatid; thick arrow, step 15 spermatid. Stage V: thin arrow, step 5 spermatid. Stage VIII: thin arrow, step
8 spermatid; thick arrow, step 16 spermatid; diamond, residual body. Stage X: thin arrow, step 10 spermatid. (C) G5GCS3 transgene. Stage III: thin arrow, step 3 spermatid; thick arrow, step 14 spermatid. Stage VII: thin
arrow, step 7 spermatid; thick arrow, step 16 spermatid. Stages VIII–IX: thin arrow, step 8 spermatid; thick arrow, step 9 spermatid. Stage X, thin arrow, step 10 spermatid. Stage XI, thin arrow, step 11 spermatid.
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Fig. 2. Sucrose gradient analysis of testicular cytoplasmic extracts using northern blots. (A) Absorbance tracing of extracts of testes from a 21-day mouse sedimented in
the SW60 rotor in a gradient containing Mg++. (B) The extracts of 21-day testes were treated with EDTA. The peaks corresponding to the 60S ribosomal subunit and
80S monosomes are indicated. The gradients in panels A–D were sedimented in the SW40 rotor and were collected as 12 fractions, while the gradients in panels E–K
were sedimented in the SW60 rotor and were collected as 9 fractions. Fraction 1 is at the top of the gradient, and the fraction marked P contains RNAs extracted from
the pellet. The gradients are identified with the hybridization probe, the transgene, the age of the male and the presence of Mg++ to preserve polysomes, or EDTA, to
dissociate polysomes. The number of testes used to prepare the extracts for each gradient is as follows: panels A, B, E and F, two 21-day testes; panel C, 20 21-day
testes; panel D, two adult testes; panels G–L, one adult testis. The filters were exposed to X-ray film for 5 days in panels C and D and 3.5 to 6 h in panels G–L.
123S.K. Hawthorne et al. / Developmental Biology 297 (2006) 118–126of the coding regions, 720 vs. 429 nt, respectively, and similar
ribosome spacings, ∼107–144 nt. Rehybridization to an Smcp
probe shows that the Smcp mRNA is in fractions 2 and 3 (Fig.2F). Thus, the G5GCG3 mRNA is partially translationally
repressed in free-mRNPs in 21-day testis, in agreement with a
report that a series of chimeric mRNAs containing Gfp and
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inactivated in free-mRNPs in round spermatids by global
inhibition of initiation (Schmidt et al., 1999). Slot blot analysis
of the G5GCG3 mRNA in adult testis displays a bimodal
distribution with peaks in free-mRNPs and 32% of the mRNA
in polysomes containing 5–6 ribosomes (not shown).
The G5GCS3 mRNA in adult testis also displays a bimodal
distribution with a peak in free-mRNPs, a peak in polysomes
containing 5–6 ribosomes in fraction 6 and 37.3 ± 4.3% (N = 3)
polysomal mRNA (Fig. 2G). Rehybridization to the Smcp probe
displays peaks in free-mRNPs and polysomes containing 3–4
ribosomes/polysome (Fig. 2I). EDTA shifts most of the
polysomal G5GCS3 to the top of the gradient (Fig. 2H). In
agreement with previous studies (Kleene, 1989; Cataldo et al.,
1999), EDTA also dissociates the polysomes containing the
Smcp mRNA (not shown).
The distribution of the S5GCG3 mRNA in adult testis in Fig.
2J differs from those of the G5GCG3 and G5GCS3 mRNAs
because the levels of polysomal mRNA are lower, 21.8 ± 4.3%
(N = 4), and the polysomes are smaller, 2–4 ribosomes/
polysome. EDTA greatly reduces the levels of polysomal
S5GCG3 mRNA (Fig. 2K) and Smcp mRNA (not shown). The
small S5GCG3 polysomes are likely due to uORFs. However,
the observations that the proportion of polysomal mRNA is
greater and the ribosome spacing is tighter for the Smcp mRNA
than those of the S5GCG3 mRNA implies that the natural Smcp
mRNA is under positive control which neutralizes the negative
effects of the 5′ UTR in adult testis.
Sucrose gradient analysis with RT-PCR
Since the sensitivity of northern blots is inadequate to
analyze Smcp and Gfp transcripts in sucrose gradients from the
testes of 21-day-old mice, we developed a highly sensitive
semiquantitative RT-PCR assay. Luc mRNAwas added to each
fraction to control for recovery and efficiency of amplification,
and we avoided over-amplification, which obscures differences
in mRNA levels.Fig. 3. RT-PCR analysis of the distribution of G5GCS3 mRNAs in sucrose gradients
Luc, Smcp and Gfp–Smcp mRNAs in cytoplasmic extracts of testes of adult and 21-d
PCR products by ethidium bromide staining. The gradients contained one adult testi
panels E and G were precipitated with ethanol and stained with ethidium bromide aFig. 3 shows analyses of the Smcp and G5GCS3 mRNAs in
adult and 21-day testis. Similar amounts of Luc PCR product are
detected in all fractions implying equal recovery and amplifi-
cation (Figs. 3C and F), and the distributions of the Smcp
mRNA in 21-day and adult testis (Figs. 3A and D) are similar to
those observed with northern blots. Unexpectedly, we found
that the G5GCS3 mRNA in all four transgenic lines is distributed
between free-mRNPs and polysomes containing 5–6 ribosomes
with a substantial amount of mRNA in the pellet in both 21-day
and adult testes (Figs. 3B and E). EDTA drastically reduces the
proportion of G5GCS3 mRNA in the polysomal fractions and
the pellet (Fig. 3G). Thus, the Smcp 3′ UTR represses
expression of GFP in early round spermatids after the
G5GCS3 mRNA has been recruited onto polysomes.
The S5GCG3 mRNA exhibits the same preponderance of
free-mRNPs as the Smcp mRNA in sucrose gradients of 21-day
testis (not shown). However, mutations in the 5′ UTR will be
required to distinguish the subtle difference between models in
which the S5GCG3 mRNA is in free-mRNPs or free-mRNPs
and small polysomes.
Discussion
This study reports an analysis of transcriptional and
translational regulation of the Smcp mRNA in transgenic
mice. 518 nt of 5′ flanking region and 8 nt of 5′ UTR are
sufficient to drive expression in early round spermatids in
transgenic mice at the same transcription start site as the natural
SmcpmRNA. Although transcription is not the primary concern
of this study, it is of interest that the Smcp promoter specifies a
single transcription start site (Karimpour et al., 1992), even
though it lacks the elements that usually specify a single start
site, a TATA-box or an initiator (Lo and Smale, 1996).
Previous work has shown that the Smcp mRNA is first
detected in step 3 spermatids and that the protein is first detected
about 6 days later in step 11 spermatids (Shih and Kleene, 1992;
Cataldo et al., 1996). Although previous sucrose gradient
analyses suggest that the accumulation of SMCP is regulated byof testes from 21-day prepubertal and adult transgenic mice. The distribution of
ay mice was analyzed by RT-PCR, agarose gel electrophoresis and detection of
s or two 21-day testes and are labeled as in Fig. 2. The PCR reactions shown in
nd Sybr Gold, respectively.
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(Kleene, 1989), the present findings indicate that the Smcp 5′
UTR and 3′ UTR regulate the expression of GFP fluorescence
by multiple mechanisms.
The S5GCG3 mRNA adult testis is partially repressed in free-
mRNPs and small polysomes and virtually no S5GCG3 mRNA
sediments with polysomes containing 5–6 ribosomes. This
reduction in polysome size is probably related to uORFs,
elements that produce a characteristic sedimentation profile of
translationally active mRNAs in monosomes and small
polysomes in cultured somatic cells (Ruan et al., 1996; Child
et al., 1999). However, the observation that the Pabpc1 mRNA,
which lacks uORFs, is associated with small polysomes in adult
testis indicates that other explanations are possible (Cataldo et
al., 1999). At present, we do not know whether the delay in
initial detection of GFP fluorescence until step 5 spermatids in
the S5GCG3 lines is mediated by uORFs, free-mRNPs or a
combination of both and whether there are developmental
changes in either mechanism. The intense GFP fluorescence in
elongated spermatids shows that repression by the Smcp 5′UTR
in late spermatids is incomplete.
It is also of interest that the proportion of the S5GCG3 mRNA
in adult testis in small polysomes is substantially lower than that
of the Smcp mRNA, ∼21% vs. ∼34%, and the S5GCG3 mRNA
is associated with smaller polysomes than the Smcp mRNA,
considering the difference in lengths of the two coding regions.
Evidently, the natural Smcp mRNA is subject to positive
regulation that counterbalances the inhibitory effects of the 5′
UTR in adult testis. Presumably, this activity is directed by the
Smcp 3′ UTR, or the conserved element AGAAG, which is
displaced from its normal position preceding the Smcp start
codon in the S5GCG3 transgene. Negative regulation involving
uORFs and free-mRNPs is frequently opposed by positive
regulation (Ruan et al., 1996; Child et al., 1999; Fajardo et al.,
1997; Mendez and Richter, 2001; Hinnebusch, 2005).
Since these experiments were initiated with the expectation
that the Smcp mRNA in early round spermatids is repressed
in free-mRNPs, we were surprised to find that the Smcp 3′
UTR represses GFP fluorescence in steps 2–9 of spermio-
genesis, but a substantial proportion of the G5GCS3 mRNA
sediments with polysomes containing 5–6 ribosomes in 21-
day prepubertal mice. We have carefully considered, and feel
that we have ruled out, the possibility that the prolonged
delay in appearance of GFP fluorescence is due to low levels
of expression of the transgene, and the initial appearance of
an intense spot of GFP fluorescence in step 10 spermatids in
G5GCS3 transgenic mice is striking and obvious. The
presence of polysomal mRNA at a stage when GFP
fluorescence was not detected resembles a small number
examples of post-initiation repression of mRNA translation, in
which the accumulation of full-length proteins is blocked
during the elongation phase (Olsen and Ambros, 1999; Clark
et al., 2000; Seggerson et al., 2002; Petersen et al., 2006).
Post-initiation translational repression is mediated by miRNAs
in Caenorhabditis elegans (Olsen and Ambros, 1999;
Seggerson et al., 2002) and the Smaug protein in Drosophila
melanogaster (Clark et al., 2000).The G5GCS3 mRNA produces striking localization of GFP
fluorescence at its first detection in step 10 spermatids, but
fluorescence is not localized in steps 11–16 spermatids or
spermatids of mice harboring the G5GCG3 or S5GCG3
transgenes. The localization of GFP could be explained by
localization of the G5GCS3 mRNA, localized activation of
translation of the G5GCS3 mRNA or binding of the GFP protein
to a specific cellular site. Translationally repressed Tnp1 and
Tnp2 mRNAs and probably many other poly(A)+ mRNAs are
strongly localized in the chromatoid body in round spermatids,
a male germ cell form of nuage that contains a variety of factors
associated with inactive mRNAs such as miRNAs, argonaute
proteins, Y-box proteins and mRNA degradative enzymes
(Saunders et al., 1992; Saunders and Millars, personal
communication; Oko et al., 1996; Kotaja et al., 2006). However,
the chromatoid body appears to lack ribosomes (Kotaja et al.,
2006).
There are many precedents for multiple translational
controls affecting individual mRNA species. For example,
the Prm1, Prm2, Smcp, Tnp1 and Tnp2 mRNAs are regulated
by one mechanism that inactivates translation in free-mRNPs
in round spermatids and others that produce striking
differences in ribosome spacing in elongated spermatids
(Kleene, 1993, Cataldo et al., 1999). In vivo genetic analysis
reveals that the Prm1 3′ UTR contains an element that
inactivates translation in round spermatids, a second which
activates translation in elongated spermatids, and a Y-box
binding recognition sequence (Zhong et al., 1999, 2001;
Giorgini et al., 2001, 2002). The CPEB is both a positive and
negative regulator in Xenopus oocytes (Mendez and Richter,
2001), and the oskar mRNA in Drosophila oocytes and
embryos is repressed and activated by eight distinct factors
(Johnstone and Lasko, 2001).
There are at least two reasons why multiple mechanisms of
translational repression may be advantageous. Perhaps,
premature expression of SMCP, like that of PRM1, is
detrimental to male fertility (Lee et al., 1995), a factor
which is under strong selective pressures. Thus, translational
repression mediated by the 5′ UTR or 3′ UTR alone might be
insufficient to prevent a low level of premature SMCP
expression that impairs fertility. Alternatively, the multiple
translational controls may have evolved adventitiously
because traits that enhance male reproductive success often
have deleterious side-effects, which create opportunities for
new mutations. Thus, sexual selection and genetic conflict are
capable of producing very complicated regulatory mechan-
isms (Kleene, 2005).
Acknowledgments
This research was supported by NSF grants MCB-9874491
and BCE-0348497 to KCK.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ydbio.2006.04.468.
126 S.K. Hawthorne et al. / Developmental Biology 297 (2006) 118–126References
Bellvé, A.R., Cavicchia, J.C., Millette, C.F., O'Brien, D.A., Bhatnager, Y.M.,
Dym, M., 1977. Spermatogenic cells of the prepubertal mouse: isolation and
morphological characterization. J. Cell Biol. 74, 68–85.
Cataldo, L., Baig, K., Oko, R., Mastrangelo, M.-A., Kleene, K.C., 1996.
Developmental expression, intracellular localization and selenium content of
the cysteine-rich protein associated with the mitochondrial capsules of
mouse sperm. Mol. Reprod. Dev. 45, 320–331.
Cataldo, L., Mastrangelo, M.-A., Kleene, K.C., 1999. A quantitative sucrose
gradient analysis of the distribution of 18 mRNA species in testes from adult
mice. Mol. Hum. Reprod. 5, 206–213.
Child, S.J., Miller, M.K., Geballe, A.P., 1999. Translational control by an
upstream open reading frame in the HER/neu transcript. J. Biol. Chem. 274,
24335–24341.
Clark, I.E., Wyckoff, D., Gavis, E.R., 2000. Synthesis of the posterior
determinant Nanos is spacially restricted by a novel cotranslational
mechanism. Curr. Biol. 10, 1311–1314.
Fajardo, M.A., Haugen, H.S., Clegg, C.H., Braun, R.E., 1997. Separate
elements in the 3′ untranslated region of the mouse protamine 1 mRNA
regulate translational repression and activation during murine spermatogen-
esis. Dev. Biol. 191, 42–52.
Giorgini, F., Davies, H.G., Braun, R.E., 2001. MSY2 and MSY4 bind a
conserved sequence in the 3′ untranslated region of protamine mRNA in
vitro and in vivo. Mol. Cell. Biol. 21, 7010–7019.
Giorgini, F., Davies, H.G., Braun, R.E., 2002. Translational repression by
MSY4 inhibits spermatid differentiation in mice. Development 129,
3669–3679.
Hawthorne, S.K., Goodarzi, G.T., Bagarova, J., Gallant, K.E., Busanelli, R.R.,
Olend, W., Kleene, K.C., 2006. Comparative genomics of the sperm–
mitochondria associated cysteine-rich protein gene. Genomics 87,
382–391.
Hill, J.R., Morris, D.R., 1992. Cell-specific translation of S-adenosylmethionine
decarboxylase mRNA. J. Biol. Chem. 267, 21886–21893.
Hinnebusch, A.G., 2005. Translational regulation of GCN4 and the general
amino acid control of yeast. Annu. Rev. Microbiol. 59, 407–450.
Hogan, B., Constantini, F., Lacy, E., 1986. Manipulating the Mouse Embryo: A
Laboratory Manual. Cold Spring Harbor Press, Cold Spring Harbor, New
York.
Johnstone, O., Lasko, P., 2001. Translational regulation and RNA localization in
Drosophila oocytes and embryos. Annu. Rev. Genet. 35, 365–406.
Karimpour, I., Cutler, M., Shih, D., Smith, J., Kleene, K.C., 1992. Sequence of
the gene encoding the mitochondrial capsule selenoprotein of mouse sperm:
identification of three in-phase TGA selenocysteine codons. DNA Cell Biol.
11, 693–699.
Kashiwabara, S., Noguchi, J., Zhuang, T., Ohmura, K., Honda, A., Sugiura, S.,
Miyamoto, K., Takahashi, S., Inoue, K., Ogura, A., Baba, T., 2002.
Regulation of spermatogenesis by testis-specific cytoplasmic poly(A)
polymerase TPAP. Science 298, 1999–2002.
Kleene, K.C., 1989. Poly(A) shortening accompanies the activation of
translation of five mRNAs during spermiogenesis in the mouse. Develop-
ment 106, 367–373.
Kleene, K.C., 1993. Multiple controls over the efficiency of translation of the
mRNAs encoding transition proteins, protamines and the mitochondrial
capsule selenoprotein in late spermatids in mice. Dev. Biol. 159,
720–731.
Kleene, K.C., 1996. Patterns of translational regulation in the mammalian testis.
Mol. Reprod. Dev. 43, 268–281.
Kleene, K.C., 2003. Patterns, mechanisms and functions of translational
regulation in mammalian spermatogenic cells. Cytogenet. Genome Res. 103,
217–224.
Kleene, K.C., 2005. Sexual selection, genetic conflict, selfish genes and the
atypical patterns of gene expression in spermatogenic cells. Dev. Biol. 277,
16–26.
Kotaja, N., Kimmins, S., Brancorsini, S., Hentsch, D., Vonesch, J.L., Davidson,
I., Parvinen, M., Sassone-Corsi, P., 2004. Preparation, isolation andcharacterization of stage-specific spermatogenic cells for cellular and
molecular analysis. Nat. Methods 1, 249–254.
Kotaja, N., Bhattacharyya, S.N., Jaskiewicz, L., Kimmins, S., Parvinen, M.,
Filipowicz, W., Sassone-Corsi, P., 2006. The chromatoid body of male germ
cells: Similarity with processing bodies and presence of Dicer and
microRNA pathway components. Proc. Natl. Acad. Sci. U. S. A. 103,
2647–2652.
Lee, K., Haugen, H.S., Clegg, C.H., Braun, R.E., 1995. Premature translation of
protamine 1 mRNA arrests spermatid differentiation and causes dominant
sterility in transgenic mice. Proc. Natl. Acad. Sci. U. S. A. 92,
12451–12455.
Lo, K., Smale, S.T., 1996. Generality of a functional initiator consensus
sequence. Gene 1992, 13–22.
Mendez, R., Richter, J.D., 2001. Translational control by CPEB: a means to the
end. Nat. Rev., Mol. Cell Biol. 2, 521–529.
Nayernia, K., Adham, I.M., Burkhardt-Goote, E., Neesen, J., Reiche, M., Wolf,
S., Sancken, U., Kleene, K.C., Engel, W., 2002. Asthenozoospermia in mice
with a targeted deletion of the sperm mitochondria-associated cysteine-rich
protein (Smcp) gene. Mol. Cell. Biol. 22, 3046–3052.
Oko, R., Kwon, E., Hecht, N.B., 1996. Germ cell-specific DNA and RNA
binding proteins are associated p48/52 are expressed at specific stages of
male germ cell development and are present in the chromatoid body. Mol.
Reprod. Dev. 44, 1–13.
Olsen, P.H., Ambros, V., 1999. The lin-4 regulatory RNA controls develop-
mental timing in Caenorhabditis elegans by blocking LIN-14 protein
synthesis after the initiation of translation. Dev. Biol. 216, 671–680.
Pallini, V., Baccetti, B., Burrini, A.G., 1979. A peculiar cysteine-rich
polypeptide related to some unusual properties of mammalian sperm
mitochondria. In: Fawcett, D.W., Bedford, J.M. (Eds.), The Spermatozoon.
Urban and Schwartzenberg Inc., Baltimore-Munich, pp. 141–151.
Petersen, C.P., Bordeleau, M.E., Pelltier, J., Sharp, P.A., 2006. Short RNAs
repress translation after initiation in mammalian cells. Mol. Cell 21,
533–542.
Reddi, P., Kallio, M., Herr, J.C., 1999. Green fluorescent protein as a reporter for
promoter analysis of testis-specific genes in transgenic mice. Methods
Enzymol. 302, 272–284.
Ruan, H., Shantz, L.M., Pegg, A.E., Morris, D.R., 1996. The upstream open
reading frame of the mRNA encoding S-adenosylmethionine decarboxylase
is a polyamine-responsive translational control element. J. Biol. Chem. 271,
29576–29582.
Russell, L.D., Ettlin, R.A., Hikim, A.P.S., Clegg, E.D., 1990. Histological and
Histopathological Evaluation of the Testis. Cache River Press, Clearwater,
FL.
Saunders, P.T., Millar, M.R., Maguire, S.M., Sharpe, R.M., 1992. Stage-specific
expression of rat transition protein 2 mRNA and possible localization to the
chromatoid body of step 7 spermatids by in situ hybridization using a
nonradioactive riboprobe. Mol. Reprod. Dev. 33, 385–391.
Schmidt, E.E., Hanson, E.S., Capecchi, M.R., 1999. Sequence-independent
assembly of spermatid mRNAs into messenger ribonucleoprotein particles.
Mol. Cell. Biol. 19, 3904–3915.
Seggerson, K., Tang, L., Moss, E.G., 2002. Two genetic circuits repress the
Caenorhabditis elegans heterochronic gene lin-28 after translation initiation.
Dev. Biol. 243, 215–225.
Shih, D., Kleene, K.C., 1992. A study by in situ hybridization of the stage of
appearance and disappearance of the mRNAs encoding transition protein 2
and the mitochondrial capsule seleno-protein during spermatogenesis in the
mouse. Mol. Reprod. Dev. 33, 222–227.
Tay, J., Richter, J.D., 2001. Germ Cell differentiation and synaptonemal
complex formation are disrupted in CPEB knockout mice. Dev. Cell. 1,
201–213.
Zhong, Y., Peters, A.H.F.M., Braun, R.E., 1999. A double-stranded RNA
binding protein required for activation of translation of repressed messages
in mammalian germ cells. Nat. Genet. 22, 171–174.
Zhong, J., Peters, A.H.F.M., Kafer, K., Braun, R.E., 2001. A highly conserved
sequence essential for translation repression of the protamine 1 messenger
RNA in murine spermatids. Biol. Reprod. 64, 1784–1789.
